Abstract: To achieve carbon emissions control targets, policymakers often need a basket of policies to account for the complexity of abatement. The instruments in the policy mix are often interconnected. It is of great importance to study how different abatement policies perform in practice-in other words, to evaluate the effectiveness of the abatement policy mix. This paper builds a multisector partial equilibrium model and then studies the policy effectiveness using data from two energy-intensive sectors in China, namely, the iron and steel sector and the cement sector. The results show clear evidence that these policies interact, and the policy mix is not a simple aggregation but rather differs across sectors, which leads to fundamentally different scenarios in terms of energy savings, emissions reductions and production behaviors. Energy-savings subsidies can increase production and profit with a lower equilibrium level of carbon prices, whereas output-based rebating of allowances reduces production and is associated with higher carbon prices.
Introduction
Climate change has become a major global issue, and reducing carbon emissions is considered to be necessary for human welfare. The Paris agreement which entered into force in November 2016 has strengthened the global response to the threat of climate change, and the participating countries across the world have outlined their Intended Nationally Determined Contributions (INDCs) (The Paris Agreement. http://unfccc.int/paris_agreement/items/9485.php). Effectively achieving low carbon emissions, however, is much more complicated and often requires a combination of various kinds of efforts. Using a single policy instrument, even the most advanced system, such as the European Union (EU) Emissions Trading System (EU ETS), has clear disadvantages. The EU ETS covers only approximately 40% of the sources of emissions in the EU, and the design of the system has often been criticized. Additional abatement policies (i.e., energy efficiency standards, carbon taxes) can be adopted to form a policy mix to ensure effective emissions reductions.
China, the biggest user of fossil fuel-based energy in the world and the largest source of carbon dioxide (CO 2 ) emissions, has been actively engaged in reducing CO 2 emissions in recent years. Jointly with the second-largest source of carbon-based emissions, the United States, China has pledged that the peak of its CO 2 emissions will occur no later than 2030. It is necessary and urgent for the Chinese government to design an effective policy mix to achieve such an ambitious goal. Noticeably, (1) This study aims to investigate the potential interaction of different policies from the perspective of the social optimum. The emission targets in accordance with equilibrium carbon price levels are derived by social welfare maximization, consisting of more than one sector, which are linked through the carbon market. Relaxing the constant emissions reduction target but holding the social optimum in our analysis can contribute to the literature in terms of understanding the interaction effects on policy mix design and evaluation. (2) Energy-savings subsidies and output-based rebates have been introduced as additional policy options together with an emissions trading scheme in our model. In addition, the analytical solutions have been derived from a two-sector case. We explain how and why the sectoral responses to the same policy can vary substantially by comparing the analytical solutions.
In addition, we also present some inconsistent conclusions on the effectiveness of policy mixes from previous studies under the social welfare maximization. For example, we show that emissions reductions in one sector can decrease with energy-savings subsidies. We believe that the findings on policy mix distortion among sectors can help improve the efficiency of the design of emissions trading schemes, as well as complementary policy options. Based on the results of our extended multisector partial equilibrium model, we evaluate the following cases using empirical data from China: the effectiveness of multiple reduction policies on one sector, different responses from multiple sectors to a single policy, and the interactions and effects of multiple policies in a multisector environment. We further investigate the impact on social welfare and total emissions, which leads to relevant policy discussions. The rest of this paper proceeds as follows: Section 2 builds the multisector partial equilibrium model; Section 3 describes our case study and results for two energy intensive sectors in China; and Section 4 concludes.
Analytical Framework
In this paper, we assume that three policy instruments are available, namely, ETS with a full auction for allowances, ETS together with energy-savings subsidies, and ETS with output-based rebating (OB). We examine three combinations of these policy instruments (Table 1) in our multiple policy analysis. To simplify the analysis, we further assume that transactions occur among sectors rather than at the firm level (in other words, each of the sectors has one representative firm). All of the sectors are price takers (perfect competition) in the allowance market, and their trading behavior cannot affect carbon prices. Two policy mixes have been considered in our analysis. For energy-savings subsidies, they have already been launched for the energy intensive sectors in China as a part of the 11th Five Year Plan [21] , which was developed by the government to incentivize sectors to reduce energy consumption and achieve energy savings targets. The subsidy level is set as a certain monetary refund per unit of energy savings (per ton of standard coal). This subsidy may still exist even after the implementation of ETS. For output-based rebates, they have been partially adopted as part of the allowance allocation in the power sector in China's planned national Emission Trading Scheme. This rebating policy is also being considered for implementation in other sectors covered by the national ETS.
The unit and description of variables and parameters used in the model are listed in Table 2 . * CNY is the abbreviation of Chinese currency unit (Yuan); t denotes ton.
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Base Case
Assume that there are completely heterogeneous J energy-intensive sectors, whose demand functions, production cost functions, and emissions reduction cost functions are all independent. The demand function for sector j can be written as p j = µ j − σ j q j f or j ∈ J
where p j is price, q j is output, and µ j and σ j are the intercept and slope of the demand curve, respectively. In addition, the demand uncertainty proposed by Lecuyer and Quirion [4] is not included as we are focusing on the diverse sectoral responses to the given abatement policy mix (We appreciate the comments given by an anonymous reviewer that note this issue and think this can be our next step to further improve the model) and for simplicity. The cost function of sector j can be written as C j (q j ) = c j q j . Following Lecuyer and Qurion [4] , it takes a linear form. Here, c j is the marginal cost of production, and we further assume C j (q) > 0.
The abatement cost curve is in a quadratic form (Meunier et al. [9] )
where a j is the level of carbon abatement in sector j, and α j and β j are the coefficients. The cost of the carbon permit in sector j is PC j , which can be written as
where φ is the carbon price, which is unified for all sectors. τ j is the carbon intensity of sector j before carbon emissions reduction. The profit function of sector j can be expressed as
The negative impacts of emissions on society (the negative externality) are included in the social welfare function through carbon prices. Total net CO 2 emissions can be represented as
The cost of purchasing emissions permits is supposed to be paid back to society. Therefore, the social welfare function can be expressed as
where CS j (q j ) is the consumer surplus in sector j, represented as
is the loss function that resulted from the sectoral CO 2 emissions, which depicts the social damage from carbon emissions; and ε is the unit damage coefficient. The environmental loss function is regularly used to depict the environmental damage from harmful emissions, such as sulfur dioxide (SO 2 ) and nitrogen oxides (NO X ), in classical environmental economic models (i.e., Nordhaus [22] ). Unlike other pollutants, carbon emissions have a cumulative effect. In other words, the damage from CO 2 is determined not by annual emissions but by the total amount accumulated in the atmosphere, and Nordhaus relates cumulative emissions to changes in CO 2 concentrations and in temperature for the damage function [22] . The function form proposed by Nordhaus [22] can not be used in our sectoral-level partial equilibrium analysis [22] . We refer to Lecuyer and Quirion [4] by using a linear damage function in the model, in which the model only accounts for the damage that results from the increment CO 2 emissions without considering the CO 2 stock in the atmosphere. There are two advantages in using this function; first, the emissions control target is generally set to the incremental level of emissions rather than stocks. Second, the linear function simplifies the environmental damage of emissions and thus allows us to address multisector issues analytically.
After substitution, the social welfare function can be written as
It should be noted that, in the welfare function (7), the costs of the carbon permit cancel each other out after substitution, for we assume that the cost of purchasing the CO 2 permit will be paid back or come from society. That is, the CO 2 permit purchasing/selling cost has no influence on the total welfare.
Extension 1: Multi_ES (Auction Plus Energy-Savings Subsidies)
In addition to the ETS with a full auction in the base case, policymakers can also give sector j subsidies to achieve their energy savings s j , which results in ES j (s j ) = ψ j · s j , and the unit of the energy-savings subsidy is ψ j , which is exogenously given in our model. In most energy-intensive sectors, energy savings s j and carbon emissions reductions a j are, to a large extent, equivalent (with an adjustment coefficient f ) because saving fossil fuel-based energy (different forms of fossil fuel-based energy, such as coal, oil, and natural gas, can be converted to standard coal and thus are comparable) is the main option for these sectors to reduce emissions. Their relationship satisfies the following condition:
The energy-savings subsidy function can be rewritten as
where ψ j is the unit of the energy-savings subsidy after adjustment. The demand function, abatement cost function, and production cost function are the same as in the base case. It is worth to note that the discussion here is essentially short-term oriented. In the long-term, fuel switching and moving to a low-carbon production process are possible solutions to emission. For example, Arens et al. study the low-carbon pathways in Germany and suggest that the German steel sector is highly unlikely to meet its climate target regardless of what production pathway they choose [23] . An alternative way is to develop new carbon free production process, such as switching to hydrogen or using carbon free electricity. The profit function of sector j is
Energy-savings subsidies are supposed to come from society. Therefore, the social welfare function under the "Multi_ES" case can be written as
Extension 2: Multi_OB (Auction Plus OB)
In this case, output-based allowance rebating (OB) is combined with the ETS and an auction. Output-based rebating has already been implemented in New Zealand and California [9, 15] . Furthermore, Canada has put into practice an output-based pricing system for industrial facilities that emit above a certain threshold, with an opt-in capability for smaller facilities with emissions that are below the threshold. The pan-Canadian approach to pricing carbon pollution provides jurisdictions the flexibility to implement an explicit price-based system, for example, a hybrid approach composed Energies 2018, 11, 559 7 of 31 of a carbon levy, or an output-based pricing system such as in Alberta [24] , Environment and Climate Change Canada [25] .
Output-based allowance rebating is a subsidy in the form of rebated allowances associated with output. Each sector receives a given number of allowances per unit of output. Assume that the per-unit rebating rate is ob j (the range of ob j can be set from 0 to 1), and the free allowances permit that sector j obtains is τ j q j · ob j . Because the permit can be sold in the ETS, it could be seen as a part of the income of these sectors (output incentive mechanism). The additional income in sector j due to permits returned is τ j q j · ob j · φ. The profit in sector j can be revised to
Each sector maximizes its profit by choosing an optimal level of production and emissions reductions. Again, all of the permits returned to sectors are supposed to come from society, so the social welfare function can be expressed as
Solving the Model
It is worth noting that the model is essentially static in nature. We assume that the ETS auction system is set to optimize the total social welfare. Therefore, the first thing to do is to find an optimal carbon price level φ * that maximizes the total social welfare (it varies in different cases). Given the optimal carbon price level, each sector set its production q * and abatement level a * to maximize profit.
The equilibrium level of carbon emissions can be written as
where a * and q * are functions of φ * and vary in different cases. The equilibrium solution of these factors is given in the Appendix A.1-A.3. Table 3 summarizes the analytical solutions to the model among the three cases. For the equilibrium carbon price, the solution is based on the coverage of two sectors. 
In the Multi_ES case, it can be seen that φ * is inversely proportional to the subsidy level, ψ, when compared to that in the base case. From the perspective of production, an incentive to the output can be observed after the introduction of the energy-savings subsidies. Furthermore, the output from the other sector will also increase, even if the subsidy is only given to one sector (given φ * will also be decreased when the subsidies are introduced to only one sector).
From the perspective of emissions reductions, the emissions reductions in the sector with the energy-savings subsidy depend on the changes in the equilibrium carbon price level φ * , as well as the energy subsidy level ψ j . Specifically, for the sector with the energy-savings subsidy, given
an increase in emissions reductions within the sector can be observed, otherwise its emissions reductions will decrease. However, the emissions reductions of the other sector will decrease due to the fall of the equilibrium carbon price level.
In the Multi_OB case, the solution form of the equilibrium carbon price level is more complicated with the introduction of output-based allowance rebating. The equilibrium carbon price will increase with the level of ob, which ranges from 0 to 1. From the perspective of production, it is obvious that the increase in the ob rate will raise output levels when the carbon price level remains unchanged, although the carbon price is also related to the ob rate. Specifically, given q job
, this output of this sector increases if φ * BC > φ * ob 1 − ob j ) , otherwise its output will be decreased. Furthermore, the output of the other sector will decrease even if the ob is only given to one sector (given φ * will be increased with the introduction of ob).
One could argue that this is contrary to the initial design of output-based rebating, which is applied to compensate for losses in sectoral competitiveness that result from implementing ETS and can provide incentives for sectoral output [7, 8] . The output incentive effects of output-based rebating make sense if we look at the analytical solution of q j * under the Multi_OB case. In our model, each ob rate corresponds to an equilibrium carbon price level, and the increase in the equilibrium carbon price level can offset the output incentive that resulted from the increasing ob rate and even make sectoral performance worse after implementation of output-based rebating. From the perspective of emissions reductions, the emissions reductions in the sector with an output-based rebate depends on the changes in the equilibrium carbon price level φ * , as well as the ob rate. Specifically, for the sector with ob, given
φ * ob , an increase in emissions reductions within the sector can be observed. However, the emissions reductions of the other sector will increase due to the increase in the equilibrium carbon price level.
In addition, one concern about the analysis above is that the assumption of one representative firm, as well as the demand of sectoral outputs are set as independent, may generate unrealistic predictions. In Appendix A.5-A.6, we presented the theoretical analysis on the situations of: (1) relax the assumption of one representative firm and allow more than one firm in each sector; and (2) consider the correlation of demands across sectors. Under the condition of welfare maximization, although the form of analytical solutions to the alternative models vary from the basic model, for example, φ * is now a function of firms' numbers across two sectors (Appendix A.5). It is therefore including sector size into the model, though the general indication when comparing three cases within each model setup do not change.
Case Study of Two Energy-Intensive Sectors in China

Data and Parameters
Two energy-intensive industries-the iron and steel industry (IS) and the cement industry (CM)-are used as examples to illustrate the effectiveness of the multiple abatement policies in China. Abatement cost functions are estimated by the GTAP (Global Trade Analysis Project) model [26, 27] . Cui et al. establish an interprovincial emissions trading model and adopt the abatement cost functions of the different sectors of China to study the cost-effectiveness of implementing ETS [26] . Fan and Wang establish an interprovincial emissions trading model, which distinguishes between trade and non-trade sectors to explore the effective coverage of sectors in the ETS in China [27] . To establish an initial equilibrium for policy analysis, the production costs of the two sectors are calibrated with the demand function and output prices in 2010. The demand functions are estimated with a linear regression relating the real prices of sectoral output quantities of IS and CM sectors in China from 2005 to 2010. This estimation method has been commonly adopted in previous studies [9, 28] . According to the "Interim Measures for Financial Funds of Energy-Saving Technology" issued by the Ministry of Finance of the People's Republic of China and National Development and Reform Commission [21] , the energy-savings subsidy is approximately 200 CNY /tce (29.99 USD/tce) (CNY refers to Chinese Renminbi. 100 CNY is worth approximately 15 US dollars or 13 Euros, and tce is ton of standard coal equivalent) or CNY 81.30 (USD 12.18) per ton of CO 2 (the conversion is based on the IPCC [29] , which sets the emissions factor of standard coal at 2.46 tons of CO 2 per tce). In our calculation, the level of the energy-savings subsidy changes from 50 CNY/tce to 200 CNY/tce (which is equal to 20.33~81.30 CNY/tCO 2 by dividing the CO 2 emissions factor of standard coal). The ob rate is set from 0.05 to 0.2, and a wider range of ob from 0 to 0.9 is also considered. Those results are, however, available upon request. The environmental damage per unit is set at CNY 650 per ton of CO 2 (USD 97.45). We use a higher unit of environmental damage than that in Lecuyer and Quirion [4] , who used a span from 10 to 30 Euro/tCO 2 , for two reasons: (1) China faces greater pressure to reduce CO 2 emissions, and the Chinese government has set up an ambitious target of 2030 as the peak for emissions; and (2) we also take into consideration the synergistic effects of environmental loss. Detailed parameters and their sources in each sector are given in Table 4 . Table 5 reports the results of the base case. Here, we only consider the implementation of ETS without any other complementary policies. Both sectors will bear losses in production and profit. The CM sector suffers more production losses than the IS sector, and meanwhile, the CM sector will also reduce more emissions than the IS sector. The carbon price under social welfare maximization is 107.22 CNY/tCO 2 , which resulted in a 12.03% decrease in CO 2 emission among the two sectors. In addition, a sensitivity analysis of the demand and abatement parameters of the two sectors in the base case is presented in Figure A1 in the Appendix A.4. Results of the impacts on both sectors from two policy combinations, namely, Multi_ES and Multi_OB (see Table 1 ), are reported in the following sections. Our objective is to show the relative effects; thus, all results (except the carbon price, which is given in actual values) are shown as percentage changes compared to the base case (Table 4 ). In addition to the identical policies in each sector, our simulation also considers policy discrimination, in other words, when a supporting policy may be given to only one sector whereas another sector is given nothing.
Multi_ES Case
We assume that the energy-savings subsidies are given to both sectors, ranging from 50 CNY/tce (7.50 USD/tce) to 200 CNY/tce (29.99 USD/tce). Given the model solutions (see the Appendix A.2), the equilibrium values of production q * , profit π * , carbon price φ * , emissions (τq * −a * ), and welfare W * for each sector can be calculated. These values are then compared to those in the base case (e.g., p es /p bc − 1), and the percentage changes are reported graphically in Figures 1-3 . In general, giving energy-savings subsidies can boost production and increase profits in both sectors. However, these effects are more obvious in the CM sector than in the IS sector. For example, when both sectors are given a subsidy of 200 CNY/tce (29.99 USD/tce), the CM sector can earn an additional (relative to the base case) 9% profit, whereas the same subsidy can increase profit by only slightly more than 2% in the IS industry. The same general pattern remains when subsidies are given to only one sector (policy discrimination), although the CM sector is more sensitive to subsidies than In general, giving energy-savings subsidies can boost production and increase profits in both sectors. However, these effects are more obvious in the CM sector than in the IS sector. For example, when both sectors are given a subsidy of 200 CNY/tce (29.99 USD/tce), the CM sector can earn an additional (relative to the base case) 9% profit, whereas the same subsidy can increase profit by only slightly more than 2% in the IS industry. The same general pattern remains when subsidies are given to only one sector (policy discrimination), although the CM sector is more sensitive to subsidies than Emission reduced by ** refers to the changes in CO 2 abatement, or a j in our model.
In general, giving energy-savings subsidies can boost production and increase profits in both sectors. However, these effects are more obvious in the CM sector than in the IS sector. For example, when both sectors are given a subsidy of 200 CNY/tce (29.99 USD/tce), the CM sector can earn an additional (relative to the base case) 9% profit, whereas the same subsidy can increase profit by only slightly more than 2% in the IS industry. The same general pattern remains when subsidies are given to only one sector (policy discrimination), although the CM sector is more sensitive to subsidies than the IS sector for all three policies.
Subsidies can affect sectoral abatements, carbon prices, and total emissions. We can see in Figure 2 that carbon prices can fall quite significantly, from 107.22 CNY/tCO 2 (16.07 USD/tCO 2 ) to 61.30 CNY/tCO 2 (9.19 USD/tCO 2 ), when subsidies (200 CNY/tce) are given to both sectors. The price impacts are smaller when policy discrimination is present. As a consequence of increasing production, total emissions will increase, though not significantly (1.38%, 0.48%, and 0.89%, with identical subsidies for both sectors).
Emissions abatements, however, have shown different patterns in the two sectors. When subsidies are given to both sectors, emissions reductions decrease more in the CM sector than in the IS sector. There is a relative increase in emissions of more than 20% (less abatement efforts) in the CM sector, which is caused by increasing production (see Figure 1) , whereas the same level of subsidy led to a much lower increase in emissions in the IS sector.
The two sectors respond differently when policy discrimination is present. With the solution in the multi_ES case (See details in the Appendix A.2), the production is also inversely and proportionally related to the carbon price. The carbon price will be lower with subsidies provided to both sectors than provided to a single sector (See Figure 2) . If subsidies were given to the IS sector, it would not only increase the emissions reductions of this sector but also incentivize production in the CM sector (due to the decreased carbon price level from the subsidy provided to the IS sector). Furthermore, the abatement level of each sector is related to carbon price and subsidy. The sector without subsidies tends to emit more, and emissions abatement does not have a clear response to the subsidy that only the sector receives. For example, according to our analysis in Section 2.4, with subsidy levels set as 150 CNY/tce: (1) if the subsidy is only given to the IS sector, we have ψ j −
= 36.14 > 0, so the emissions reductions will be increased in the IS sector; and (2) if the subsidy is only giving to the CM sector, we have
, so the emissions reductions will show a trend of a slight decrease in the CM sector. In general, this policy discrimination will reduce emissions reductions in the IS sector significantly.
Social welfare can be improved by increasing the level of energy-savings subsidies. With the energy-savings subsidy of 200 CNY/tce (29.99 USD/tce) social welfare improves by 4.77%, 1.66%, and 3.11%, respectively, compared to the results in the base case, which has only ETS but no energy-savings subsidy. Because of the positive effects on sectoral output and profit, energy-saving subsidies can be implemented as a complementary policy option to compensate for losses in competitiveness in the sectors covered by the ETS. The performance is more sensitive to changes in the energy-savings subsidies in the CM sector than in the IS sector. Moreover, according to the negative relationship between the equilibrium carbon price level and the energy-savings subsidy level, subsidies and ETS are substitutional in this sense, and policymakers can use subsidies as an effective tool to intervene in the carbon market.
can be implemented as a complementary policy option to compensate for losses in competitiveness in the sectors covered by the ETS. The performance is more sensitive to changes in the energy-savings subsidies in the CM sector than in the IS sector. Moreover, according to the negative relationship between the equilibrium carbon price level and the energy-savings subsidy level, subsidies and ETS are substitutional in this sense, and policymakers can use subsidies as an effective tool to intervene in the carbon market. 
Multi_OB Case
This section evaluates the impact of adding output-based allowance rebating to the existing ETS. We examine a set up similar to the one in the previous section by first looking at an identical rebating rate in both sectors and then studying the results of policy discrimination.
We assume that the impact of the ob rate changes from 0 to 0.2 (A wider range of ob from 0 to 0.9 is also considered. The associated equilibrium carbon price can increase to over CNY 500/t CO2 (USD 74.96/t CO2), which is unrealistic and thus not reported. Those results are, however, available upon 
We assume that the impact of the ob rate changes from 0 to 0.2 (A wider range of ob from 0 to 0.9 is also considered. The associated equilibrium carbon price can increase to over CNY 500/t CO 2 (USD 74.96/t CO 2 ), which is unrealistic and thus not reported. Those results are, however, available upon request). Following the equilibrium conditions specified in the Appendix A.3, Figure 4 shows sectoral performance under different ob rate levels, Figure 5 is the emissions abatement in the two sectors, and Figure 6 shows the changes in welfare.
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.73 > 0. Second, welfare can be improved if output-based rebating is applied only to the CM sector; otherwise, social welfare trends downward, regardless of whether only the IS sector receives the rebates or both sectors receive identical rebates.
Cross Comparison of the Cases
Energy-savings subsidies and output-based rebating are two different policy options that supplement ETS. Here, to facilitate a cross comparison, we present the magnitude of the changes in the results when the policy is changed to a certain level (the energy-savings subsidy increases from 100 CNY/tce(15.00 USD/tce) to 200 CNY/tce(29.99 USD/tce), and the ob rate increases from 0.1 to 0.2-thereby, both levels are doubled) to present the diversified effects of the two policies on the two sectors, as well as compare the sensitivities of the sectoral response to the changes in the two policies. In addition, the change in production in one sector is calculated as p es200 /p es100 − 1 and p ob0.2 /p ob0.1 − 1, respectively. The same calculation is also adopted in the other results. All results of the comparison are summarized in Table 6 . Table 6 . Cross-comparison between the energy-savings subsidy and output-based rebating cases. Notes: * 0-1%; ** 1%-5%; *** 5%-10%; **** > 10%. − means there is a negative impact, and + means there is a positive impact. Emission reduced by ** refers to the changes in CO 2 abatement, or a j in our model.
ES (Change from
Energy-savings subsidies can offset losses in production and profit in subsidized sectors because of the implementation of ETS, and this does not have a notable impact on total net CO 2 emissions in both sectors, whether subsidized or not. As we have discussed above, output-based rebating seems to have more complex impacts on the covered sectors. However, performance in the IS sector is less sensitive to changes in policy levels than performance in the CM sector, while emissions reductions in both sectors are sensitive to changes in policy levels.
From the original intention of policy design, an energy-savings subsidy is to encourage more energy savings, and the output-based rebate is to give some compensation for a higher level of production. These are two different compensation mechanisms. Energy-savings subsidies would be affected more by the abatement cost of the sectors, whereas the output-based rebates would be affected more by the demand function. Given that sectors differ in abatement costs and face different demand curves, we would expect to see a clear heterogeneity of policy impacts across sectors.
Discussion and Conclusions
A multisector partial equilibrium model is established to analyze the impacts of multiple CO 2 abatement policies (energy-savings subsidies and OBA) in two sectors on the basis of ETS (auction). Empirical data on China's iron and steel sector and cement sector are used to illustrate the impacts of various policy mixes relative to the auction-based ETS (base case). Specifically, we are interested in the impacts on production decisions, carbon prices, emissions reductions, and social welfare.
It is clear that these two policy mixes have distinctively different effects on the two sectors. Energy-savings subsidies play a substitution role for carbon prices because they encourage reductions in energy use and reduce equilibrium carbon prices. We find that even when a subsidy is given only to one sector, both sectors increase their production/profit. Total emissions levels increase because fewer efforts are made by these sectors to reduce emissions (except when subsidies are given only to the IS sector, which can increase abatement). Moreover, the equilibrium results show that the CM sector is more sensitive to the energy-savings subsidies. Carbon prices fall in response to incremental energy-savings subsidies. The results are based on the assumption that these two policies are set up independently, whereas they may be considered jointly by the policymakers in reality. In a scenario that the subsidy scheme is included in the cap of ETS, price may not necessarily fall. The policy independence assumption and its associated price impacts might be a bit too strong, it is nonetheless suggesting that energy saving subsidies are supplemental to ETS and failure to incorporate it to the ETS can weaken the pricing signal to carbon markets.
The policy mix with output-based rebating (in addition to auction-based ETS) of allowances, however, shows clearly different patterns. If identical policies are applied to both sectors, then the carbon prices increase significantly, both sectors lower production/profit, and consequently, the goal of lower emissions is achieved. Total social welfare, however, is reduced. In addition, the responses show a totally different trend with discriminatory output-based rebating: Almost identical patterns are seen when OBA is applied to only the IS sector, but when it is applied only to the CM sector, the production and profit increase, and total emissions, carbon prices, and social welfare are all slightly higher. Moreover, it should be noted that the findings in the IS and CM sectors may not applicable to other sectors, as each sector has its own special features in terms of demand and abatement.
Given that energy-savings subsidies are independent from the ETS and play a substitutive role, whereas output-based rebating is designed to compensate for the loss of competitiveness by the firms covered by the ETS, it is not surprising to see that the effect of subsidies is intuitively clearer. The role of output-based rebating is, on the contrary, more complicated. Policymakers should bear these effects in mind when additional policies are introduced along with the ETS. China has recently announced the National Emission Trading Scheme (Market Construction Plan of National Carbon Emission Trading (in Chinese). http://www.ndrc.gov.cn/gzdt/201712/W020171220577386656660. pdf), which has been viewed as a significant policy movement to achieve the committed emission target in the Paris Agreement. The national platform means larger scale of participation in the system and the effectiveness of multiple policy mix is more important to the policymakers. Although it is hard to accommodate all policies (such as resource efficiency regulations) into our model, the results do confirm different roles of each policy instrument in the mix and provide important information to the policy makers.
It should be acknowledged that several limitations exist in our study. First, this paper shows that two policy combinations can have clearly different impacts on sectoral performance, emissions, carbon prices, and social welfare. Results may differ when more policy instruments are included, though the general implication should stand. Second, the model provides a simplified partial equilibrium solution with only two energy intensive sectors, which are assumed to be independence from each other. A more general framework that allows linkages across sectors may be more informative, though a simple extension in Appendix A.5-A.8 shows that the general conclusion remains.
Third, it is worth noting that the presence of market power will potentially affect the results of our model. For example, Hahn's model suggests that participants in the ETS with market power could manipulate the price to make the allocated permit price differ from that in the market equilibrium and then exercise their influence over the compliance costs in the ETS [33] . A simple extension with more than one firms in each sector is discussed briefly in Appendix A.5, which shows general consistency of our model, though a more advanced model that allows firms with market power maybe interesting for future research.
In addition, according to Wang et al., the eco-efficiency indicators of cement industry in China are still at a low level [34] . And the resource cycle rates in the iron and steel and cement sectors are expected to rise in the future. How to link the factors of resource cycling to the emission trading scheme design, as well as taking the material flow of the products in energy intensive sectors into consideration, will be potential directions in our future study. 
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Appendix A Appendix A.1. Analytical Solution to the Base Case
In this section, we take two sectors as the example and present the detailed solution of the base case. Each sector maximizes its profit by optimizing production and emissions reductions, and the first-order conditions of Equation (4) are
Social welfare could be represented as
We can obtain φ * by solving the first-order condition of W(φ)
Appendix A.
Analytical Solution to the Multi_ES Case
In this section, we take two sectors as the example and present the detailed solution of the multi_ES case. Each sector maximizes its profit by optimizing production and emissions reductions, and the first-order conditions of Equation (10) are
If we assume that the energy-savings subsidy comes from society and that there are two sectors in the ETS, the social welfare equation can be rewritten as
Appendix A.3. Analytical Solution to the Multi_OB Case
In this section, we take two sectors as the example and present the detailed solution of the multi_OB case. Each sector maximizes its profit by choosing an optimal level of production and emissions reductions. The first-order conditions based on Equation (12) are
Social welfare can be written as
If we assume there are two sectors in the ETS, the social welfare equation can be rewritten as
Appendix A.4. Sensitivity Analysis of Model Parameters Figure A1 shows a sensitivity analysis of the demand and abatement parameters of the two sectors in the base case in Section 3.2.1. Each parameter is set to change by 10% (either increase or decrease). Production and profit are only sensitive to their own demand parameters; meanwhile, the production and profit of the CM sector are more sensitive to the changes in the demand parameters in the IS sector. In addition, the emissions abatement in each sector is not only sensitive to its own demand and abatement parameters but also to the parameters of the other sector. In general, the demand parameters adopted in the model can have a significant impact on the values of the results, not only within the sector but also across the sectors. Figure A1 . Sensitivity analysis of the demand and abatement parameters in the base case.
Appendix A.5. Model Extension: More Than One Firms in Each of the Sectors
In this section, we will discuss the first extension of our model provided in the manuscript, that is, relax the assumption of one representative firm and allow more than one firm in each sector.
One concern about the analysis above is that the assumption of one representative firm may generate unrealistic predictions. This section will relax this assumption following Demailly and Quirion [7] and allow more than one firm in each sector. Assuming there are j n homogeneous firms in sector j , whose demand function can be written as: 
is the loss function that results from the sectoral CO2 emissions, which depicts the social damage from carbon emissions; and ε is the unit damage coefficient. In this section, we will discuss the first extension of our model provided in the manuscript, that is, relax the assumption of one representative firm and allow more than one firm in each sector.
One concern about the analysis above is that the assumption of one representative firm may generate unrealistic predictions. This section will relax this assumption following Demailly and Quirion [7] and allow more than one firm in each sector. Assuming there are n j homogeneous firms in sector j, whose demand function can be written as:
where p j is price, q j is total output in sector j, we have
q ji , q ji is the output of firm i in sector j, and µ j and σ j are the intercept and slope of the demand curve, respectively. The cost function of firm i in sector j is C ji (q ji ) = c j q ji . The abatement cost curve can be written as AC ji (a ji ) = α j a ji + β j a ji 2 . The cost of carbon permits in sector j can be expressed as PC ji (q ji , a ji , φ) = φ( τ j q ji − a ji ).
(1) In the base case, the profit function of firm i in sector j can be written as
The social welfare function is therefore:
where CS j ( q j ) is the consumer surplus in sector j, represented as
is the loss function that results from the sectoral CO 2 emissions, which depicts the social damage from carbon emissions; and ε is the unit damage coefficient. (2) In the Multi_ES case, the energy-saving subsidy function of firm i in sector j can be written as ES ji (a ji ) = ψ j · a ji , and the profit function is: The social welfare function can be expressed as:
In the Multi_OB case, the additional income of firm i in sector j due to premits returned is τ j q ji · ob j · φ. The profit of firm i in sector j can be revised to
The social welfare function can be expressed as
Assume that there are two sectors in the ETS, the equilibrium solution to the model can be summarized in Table A1 (solution to the model is given in Appendix A.7). 
With more than one firms considered in each sector, the general conclusions remain unchanged. In the base case, we have lim to the unit damage coefficient under the situation of perfect competition. And it is worth to mention that, the equilibrium prices of the product in sector j ( p * j ) under the three cases (Base, Multi_ES, and Multi_OB) can be expressed as
, and
, respectively. And the number of the firms in each of the sector will determine to what extent the emission costs will be passed on to consumers in the cases of Base and Multi_ES, which is the same to the conclusions in Demailly and Quirion [7] . In the Multi_OB case, we have
, the price of this sector is higher than the base case if φ * BC > φ * ob 1 − ob j ) . Such condition hold even when n j → ∞ .
Appendix A.6. Model Extension: The Linkage of Demands across Sectors
In this section, we will discuss the second extension of our model provided in the manuscript, that is, consider the correlation of demands across sectors.
The demand of sectoral outputs is set as independent in previous analysis, and the correlation of demands across sectors will be considered in this section since the demands for the products in the energy intensive sectors may to some extent depend on each other (e.g., the changes in demand for the products in iron and steel and cements sectors are often synchronized in the construction sector). The demand function is revised to consider the effects of crossing sector linkages:
where σ jk is the slope parameter to describe the cross-effect of the demand change in sector k on sector j.
(1) In the base case, with the consideration of the effects of crossing demands among sectors, the output of sectors covered by the ETS can be written as
(2) In the Multi_ES case, the derivation of outputs among sectors are the same to that in the base case. (3) In the Multi_OB case, the output of sectors can be written as 
Note, the equilibrium carbon price levels among the three cases are:
(1) Base case:
(2) Multi ES: Each firm in sector j maximizes its profit by optimizing production and emissions reductions, and the first-order conditions of Equation (16) are:
Solving the n j sets of equations simultaneously, the results are:
So the total output and emissions of sector j are:
And the equilibrium price of product in sector j is p * j = µ j +n j c j +n j φ τ j n j +1
. Social welfare could be represented as:
Policymakers optimize the carbon price φ by maximizing social welfare. Here also assume that there are two sectors in the ETS, and we use the subscript 1 to represent values in the IS sector and subscript 2 to represent those in the CM sector. Social welfare can be rewritten as:
Appendix A.8. Analytical Solution to Model Extension: The Linkage of Demands across Sectors Taken Equation (19) to replace the demand function, the first-order conditions of Equation (4) are: So the emissions of sector j is:
The first-order condition on output can be rewritten as:
Assume that there are two sectors in the ETS, and we use the subscript 1 to represent values in the IS sector and subscript 2 to represent those in the CM sector, the output are
The welfare could be represented as:
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We can obtain φ * by solving the first-order condition of W(φ): Taken Equation (19) to replace the demand function, the first-order conditions of Equation (10) The welfare could be represented as: We can obtain φ * by solving the first-order condition of W(φ): Taken Equation (19) to replace the demand function, the first-order conditions of Equation (4) The welfare could be represented as: We can obtain φ * by solving the first-order condition of W(φ): 
